The purpose of this study was to determine the carcinogenicity and retention of tritiated water (HTO) in mice. A two-part study was undertaken. In an HTO-incorporation study, both sexes of 12-day old C3H/HeN mice were i.p. injected with 3.70 MBq/pup of HTO and sacrificed 3 hr and 1, 3, 7, 14 days after HTO administration; in a carcinogenicity study, pups were given a single i.p. injection of HTO at doses of 0, 0.23, 0.92 and 3.70 MBq/mouse, and then observed for 14 months. The survival rates of both sexes slightly decreased upon increasing the HTO administered doses. The results indicated that the administration of HTO to infants led to a significant increase of liver tumors in male mice, but not in females. In female mice, ovarian tumors were observed for the high-dose group of injected HTO.
INTRODUCTION
Tritiated water (HTO), an oxidized form of tritium, has been discharged from nuclear power plants. A large amount of tritium is used as fuel in nuclear fusion reactors. Therefore, it should be important to estimate the possible risk of HTO, especially in terms of carcinogenesis in the long term.
HTO releases beta-particles, which are known to cause chromosome aberrations in human lymphocytes, bone-marrow cells, spermatozoa and fertilized mouse eggs [1] [2] [3] . Primary oocytes were reported to be decreased by exposure to low-level HTO 4) . Tritium beta particles also induce a loss of brain weight and its neurochemical constituents 5, 6) . The oral administration of HTO induced a life-shortening effect in female B6C3F 1 mice, mainly due to haematopoietic injury and thymic lymphoma [7] [8] [9] . The research results obtained on HTO in our laboratory were as follows: a) high accumulation of tritium in the brain, the destruction of spermatogenesis and feedback of the androgenic response caused by the exposure of HTO to young rats 10) ; b) isolated incidences of tumors in liver, mammary gland and kidney were observed in female Sprague-Dawley rats exposed to various concentrations of HTO 11) . In view of these known deleterious effects of HTO, we studied the distribution of HTO in the major organs of both male and female mice, and examined the hepato-tumorigenesis in C3H mice receiving an internal exposure to various doses of HTO. In our previous studies on gamma-rays and fission neutron, we used both sexes of C3H and B6C3F1 mice; the data in this study were comparable to those of accumulated data.
MATERIALS AND METHODS

Animals
Both male and female C3H/HeN Crj mice were purchased from Charles River Japan, Inc. (Kanagawa, Japan) and maintained in this laboratory under the guidelines set forth in the 'Guide for the Care and Use of Laboratory Animals' by Hiroshima University.
They were allowed to be mated to produce litters. Each mother with her litter was housed in an autoclaved cage containing sterilized wooden chips and kept under a controlled temperature (24 ° C + 2 ° C) and humidity (55-10%) under a regular 12 hr light/dark schedule. All mice were given a regular MF diet (Oriental Co., Ltd., Tokyo) and tap water ad libitum . All cages containing the mother with her litter were shifted in the tritium laboratory when the pups were 12 days old, and kept in sealed environment cabinets and maintained there until the end of the experiments.
Experimental procedures
For an HTO-incorporation study, 0.1ml of salinediluted HTO obtained from Dupont (USA) was injected i.p. 3.70 MBq/pup into 12-day old male and female pups. The livers of the 12-day old mice were known to have the highest DNA synthesis, and were sensitive to hepato-tumorigenesis for the given carcinogen 12) . At intervals of 3 hr and 1, 3, 7, 14 days post-HTO injection, animals were killed under ether anesthesia. Liver, spleen, testis, ovary including uterus (because the ovaries were too small to obtain sufficient detectable radioactivity) and brain were dissected out and weighed.
For studies on the carcinogenecity of HTO, different doses of HTO (0.23, 0.92 and 3.70 MBq/mouse) dissolved in 0.1ml of saline were administered by a single i.p. injection. All of the experimental mice were regularly observed 5 days per week for up to 14 months (since any longer period may enhance the probability for the development of spontaneous liver tumors) and killed under ether anesthesia. Autopsied mice were examined for tumors; if found, they were weighed and routinely processed for histological studies along with other organs, such as liver, kidney, thymus, adrenal, spleen and testis or ovary and uterus.
Determination of the HTO retention activity
In an HTO-incorporation study, after sacrificing young mice, weighed pieces of liver and brain, and the whole spleen, testis and ovary with uterus were digested in 1.0 ml of a NCS-II solution (Tissue solubilizer, Amersham International, England) and transferred into a counting vial containing 10 ml of aqueous counting scintillant ACS II (Amersham Co. Ltd., Tokyo). The radioactivity was counted by a liquidscintillation counter (LSC-950 (Aloka Co. Ltd., Tokyo)).
Pathology observation
All histological materials were stained with H & E. Some mice received s.c. injection of iron dextran (Tekiraizer, Phizer, Co. Ltd. Tokyo) at a dose of 0.125 mg/kg body weight 3 days before they were killed. Iron-positive Kuffer cells were present in the hyperplastic area, but not in neoplastic lesions. Liver nodules were histologically classified as neoplastic or non-neoplastic following the criteria of "Pathology of Tumors in Laboratory Animals" 13) . Briefly, they were mainly classified according to signs of compression in the surrounding parenchyma, variations of cell morphology, and the absence of triads.
Statistical analysis
All of the data were analysed by chi-square or a student's t-test for statistical significance. Radiation dose-response curves for the survival rate and the incidence of tumors were calculated based on the best fit for linear regression.
RESULTS
Retention pattern of HTO in different organs
HTO incorporation by liquid-scintillation counting was expressed as disintegration per minute (DPM) and percentage retention activity in different organs after an acute administration of about 3.70 MBq/ mouse of 12-day old specimens of both sexes. The detailed results are given in Table 1 . Data revealed that a very substantial amount of HTO was incorporated in all of the organs studied, viz. liver, spleen, testis, ovary and brain in both sexes. The average values of DPM/ gm tissue for all of the organs were comparable, excluding the ovary. The metabolic rates were also similar. Low radioactivity in the ovary may have been due to a very small organ which gives an experimentally insufficient score. Table 2 shows the organ weights. There was no effect produced by exposure to HTO for all organs. Though some data seem to be markedly different, they have a large error, indicating no significant difference. It is shown in Table 3 that the survival rates of male and female mice were slightly declined along with increasing doses of HTO. The incidence of liver tumors following exposure to HTO was significantly increased in male mice compared with the control group. It dose-dependently increased linearly on the semi-log scale, suggesting a threshold at 0.08 MBq/ mouse (Fig. 1) . The multiplicity of liver tumors was also enhanced along with an increase in the dose. Unlike males, liver tumors have not been detected after HTO administration in female mice. However, ovarian cysts were observed in all of the dose groups, along with ovarian tumors only in the highest dose group of 3.70 MBq/mouse of HTO, which suggests the existence of a threshold in ovarian tumor formation. In both sexes of mice, no other tumors were detected during the observational period of 14 months.
Differential tumorigenesis of HTO
DISCUSSION
Despite the very short range (0.56 µ m on the average) and low-energy radiation 14) , the life-shortening effect is more marked by HTO ingestion than by Table 3 . Survival rate and occurrence of liver and ovarian tumors. X-or γ-irradiation for long-period exposure 8) .
The RBE values of HTO β particles relative to 60 Co γ-rays ranged from 1.0 to 1.7 sensitivity in cultured mouse embryos 15) . Kamiguchi et al reported that the RBE values of HTO β particles relative to X-rays on chromosome aberrations in human spermatozoa ranged from 1.89 to 3.00 at the maximum 2) . A dose-dependent relationship between the survival rate and the radiation dose of HTO was noted in this study.
The occurrence of ovarian cysts was observed in mice exposed to HTO in this study. Primary oocytes were reported to be decreased upon exposure to lowlevel HTO 16) . Although the mechanism of ovarian tumorigenesis is not yet clear, damage to germ cells by a threshold of 0.23 MBq/mouse may lead to the appearance of ovarian tumors, since tumors were pathologically granulosa cell types. In our previous study, the destruction of spermatogenesis was also observed in rats exposed to HTO as infants 10) . Therefore, HTO β particles seem to be selectively toxic on germ cells.
An obvious sex difference of hepato-tumorigenesis, a higher occurrence of liver tumors in male and no occurrence of liver tumors in female, were remarkable in the present study. Similarly, we have already reported that the occurrence of liver tumors was always higher in males than that in females for mice exposed to gamma-rays or fission neutrons 17) . A different hormonal status is considered to induce the greater susceptibility of male mice to hepato-carcinogenesis [18] [19] [20] [21] . Yamamoto et al reported that the formation of active oxygen species different from hydroxy radical, hydroperoxy radical, superoxide anion and hydrogen peroxide is found in HTO 22) . Active oxygen species may participate in the degenerative diseases associated with aging 23) and play a role in the promotion of chemically induced tumors 24, 25) . According to our previous studies 11, 26, 27) , the tumorigenecity of HTO can be associated with active oxygen species.
Striking interstrain differences exist in laboratory mice with respect to liver-tumor development 28) . In the present study, C3H/HeN mice were used so as to be comparable with our previous studies on 60 Co gamma-ray and 252 Cf fission neutrons. C3H/HeN mice have been known to show an extremely high incidence of spontaneous liver tumors 29, 30) . In contrast, it rarely appears in C57BL/6 male mice 31, 32) . Drinkwater and Ginsler determined that an allelic difference at a single locus, denoted as Hcs (hepato-carcinogen sensitivity), accounts for ~85% of the difference in liver-tumor induction between C57BL/6J and C3H/HeJ mice 33) . According to an analysis of mutations at codon 61 of the c-Ha-ras gene among various rodent animals, it was indicated that mutations in the c-Ha-ras gene significantly contribute to liver-tumor formation in those rodent strains characterized by high susceptibility to hepato-carcinogenesis, but not in strains with low susceptibility 34) . Summarizing the present study, the administration of HTO to infant mice led to a significant increase of liver tumors in the male mice, but not in the females. In the females, however, the occurrence of ovarian tumors was noted in the 3.70 MBq/mouse group, though ovarian cysts were observed in all HTO exposed groups. The survival rates of both sexes were dose-relatedly decreased by increasing the HTOadministrated doses. From now on, further studies are warranted to investigate the relative biological effectiveness by the proposed method 35) .
